In preparation for the eld phase of the Mesoscale Alpine Project (MAP), in situ research-aircraft observations from the DLR Falcon, and three-dimensional high-resolution numerical simulations are used to investigate mountain waves generated during a south föhn event on 10 October 1987. The model simulation qualitatively compares favourably with the aircraft observations in terms of identifying the horizontal and vertical locations of maximum gravity-wave amplitude and rapid decay of wave amplitudes in the lower stratosphere. However, even with reasonably speci ed large-scale conditions, the vertical velocity and temperature perturbations are not in quantitative agreement with the aircraft measurements. The results highlight some de ciencies that still exist in our predictive capability to simulate gravity-wave generation and propagation explicitly over three-dimensional topography for non-steady conditions. The complexity of the gravity-wave response points toward the necessity of a straightforward aircraft observing strategy that features linear ight segments oriented along the cross-mountain wind direction, a rapid repetition of these segments in order to assess the signi cance of transients, and a combination of in situ measurements with remote-sensing data (e.g. from lidar systems and dropsondes), an approach that was successfully applied during the MAP.
INTRODUCTION
The Mesoscale Alpine Project (MAP) is a coordinated international effort to examine moist and dry processes associated with three-dimensional complex topographic ows including gravity-wave generation and breaking, which culminated in a two-month eld phase during the autumn of 1999 (Bougeault et al. 2001) . During the eld phase of the MAP, high-resolution numerical simulations were used as guidance for aircraft missions designed to observe mountain-wave breaking. In preparation for the MAP eld phase, a collaborative effort was established to evaluate the capability of high-resolution numerical models to predict the location of mountain-wave excitation, ampli cation, and turbulent breakdown in a series of experiments involving air ow over topography. The rst test, a multi-model intercomparison of a series of twodimensional, high-resolution numerical simulations, demonstrated that models are capable of simulating breaking in comparable horizontal locations and vertical layers (Doyle et al. 2000) . In the present study, which served as a second, more challenging, test, simulations from a non-hydrostatic numerical modelling system are compared with aircraft observations from a well documented gravity-wave case over the Alps (10 October 1987) in order to evaluate the capability of current numerical models to predict gravity-wave generation and propagation adequately over complex topography with time-dependent ow. In this note, we document the results from the most detailed study involving measurements and numerical simulations performed during the planning phase of the MAP. The speci c focus of this study is on modest amplitude topographically-forced gravity waves that were anticipated before the MAP to be common over the central Alps and were frequently encountered during the eld phase (Bougeault et al. 2001; Smith et al. 2002) .
Internal gravity waves are generated as stably strati ed air ows over a topographic obstacle. Under some circumstances, mountain waves may propagate upward into the stratosphere, amplify due to the decrease of density and undergo turbulent breakdown. Mountain-wave breaking is thought to have an important in uence on the atmosphere for reasons that include: potential-vorticity generation due to nonconservative processes (Schär and Smith 1993) , downslope windstorms (Clark and Peltier 1977) , clear-air turbulence (Lilly 1978) , vertical mixing within breaking layers (Dörnbrack and Dürbeck 1998) , and the collective effect of wave breakdown on the atmospheric general circulation (Bretherton 1969 ). When a low-level wave guide is present due to the variation with height of the static stability and cross-mountain Report Documentation Page Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number. air stream (e.g. Durran 1990) , vertically propagating gravity waves may be ducted leading to resonant leewaves generation. Real-time mesoscale models during the MAP often failed to predict trapped lee waves adequately (Bougeault et al. 2001 ).
There have been numerous studies that have applied numerical models to investigate the dynamics of topographically-forced gravity waves (e.g. Wurtele et al. 1996) . Several investigations are available of gravity waves forced by orography such as the Rocky Mountains (Ralph et al. 1997; Clark et al. 2000) and the Pyrenees during the Pyrenees Experiment (PYREX) (Satomura and Bougeault 1994; Broad 1996) . However, one important difference between the Rocky Mountains as well as the Pyrenees and the Alps is that the latter orographic barrier contains a greater variety of mesoscale to smaller-scale variations. In the Alps, numerous high ridges with steep valleys are oriented in a variety of geographical directions and can force local circulations, which may in uence the larger-scale cross-mountain ow signi cantly and ultimately the gravity-wave properties. One of the objectives of the MAP is to improve our understanding of three-dimensional gravity-wave propagation and breaking associated with ow over complex threedimensional orography, such as the Alps. Before the MAP there have been relatively few investigations of gravity waves forced by complex three-dimensional topography, and even fewer which used available in situ aircraft data. The general aim of this study is to assess the capability of a state-of-the-science highresolution numerical model to simulate gravity waves over three-dimensional irregular topography and, at the same time, to illustrate some current limitations for reliable predictions of gravity waves.
MODEL D ES CRIPT ION A ND SYN OPTIC-SCA LE OV ERVIEW
The atmospheric portion of the Coupled Ocean/Atmosphere Mesoscale Prediction System (COAMPS) (Hodur 1997 ) is applied in this study. The numerical model is a nite-difference approximation to the fully compressible, non-hydrostatic equations and uses a terrain-following vertical coordinate transformation. A suite of parametrizations is used to represent physical processes, such as those due to radiation, convection, clouds and microphysics, and boundary-layer turbulence. The COAMPS simulations make use of ve nested grids with horizontal grid increments of 45, 15, 5, 1.7, and 0.56 km with 55 vertical levels. A radiation upper boundary condition is used to minimize the re ection of vertically propagating gravity waves. The lateral boundary conditions are speci ed using the Navy Operational Global Atmospheric Prediction System (NOGAPS) analyses. The COAMPS model was initialized at 0000 UT C 10 October and integrated to 1700 UT C 10 October.
Föhn conditions that were characterized by strong synoptic-scale southerly ow were established over the central Alps on 10 October 1987. This event is noteworthy because of the strength, which resulted in localized wind damage in the central Alps, and the unique set of aircraft measurements that were performed using the DLR ¤ Falcon research aircraft to document the gravity-wave characteristics.The Milan sounding for 1200 U TC 10 October 1987 ( Fig. 1 ) exhibits the conditions that are typical for a south föhn, with easterly ow below crest height (about 3 km) indicative of ow blocking, the presence of strong southerly ow of 15 m s ¡1 at crest height and above, and a weak inversion near 7 km above sea level (asl). The southerly ow extends throughout the troposphere with little directional shear above 4 km ( Fig. 1) , which is conducive for deep vertical wave propagation in an atmosphere with vertically uniform static stability and winds (e.g. Shutts 1998) .
The characteristics of orographically generated gravity waves in the linear regime are primarily governed by mountain shape, size, and the Scorer parameter,
where U .z/ is the cross-mountain wind speed, N .z/ is the Brunt-Väisällä frequency, and z is the vertical coordinate. Scorer (1949) found that if l 2 decreases rapidly with height, resonant lee waves can develop in the lower atmosphere. The Scorer parameter pro le upstream of the Alps, computed based on the Milan sounding and shown in Fig. 1(c) , indicates a rapid decrease of l 2 with height in the lowest 3 km of the atmosphere. The decrease of l 2 with height is primarily a result of the vertical shear of the crossmountain wind component in the topographically blocked layer below approximately 2.5 km. Above this blocked layer, the pro le indicates that l 2 generally decreases in the 3-6 km layer, which is suggestive that the mean state is capable of supporting trapped modes. However, gravity waves longer than the critical horizontal wavelength,¸c D 2¼= l, can propagate vertically through the wave duct. In this case¸c is approximately 5-10 km in the lower troposphere above the blocked layer. Clearly, in this situation linear theory must be applied with some caution, particularly considering the steep three-dimensional topography ¤ Deutsches Zentrum für Luft-and Raumfart. of the central Alps. Visible satellite imagery for 10 October indicates the presence of scattered clouds over northern Italy and numerous north-west to south-east oriented banded structures or lenticularis clouds, often associated with gravity-wave or lee-wave activity, located to the north of the Alpine crest.
RESULTS
(a) Aircraft observations Two research-aircraft missions were conducted on 10 October 1987 using the DLR Falcon. The rst set of measurements was taken in the morning from 0910-1210 UTC and the second set in the afternoon from 1335-1637 U TC. The ight track, projected over the Alpine terrain and shown in Fig. 2 , consisted of a series of four trans-Alpine ight segments along A-B-C-D (Munich to Vicenza) and two northern legs along E-F and G-H. The track traversed a massif near 46.75 ± N (Sarntaler Alpen), the Brenner Pass near 47 ± N,11.5 ± W, which is the topographic minimum along the Alpine crest, the steep western anks of the Wipp valley, the deep Inn valley, and the Karwendel ranges to the north. The ight segments were executed at six vertical levels ranging from 1.5 km to 10.8 km asl. The complex ight track was unavoidable in this case due to air traf c control constraints.
Isentropic analyses, based on the aircraft measurements for the ights at 0910-1210 UT C and 1335-1637 U TC, are shown in Figs. 3(a) and (b), respectively. Moderate-amplitude gravity waves are present for both the morning and afternoon ights. The largest-amplitude gravity wave is apparent near 6 km above the Alpine crest during the afternoon only, indicative of the non-steady character of the ow. The three dimensionality of the topography makes interpretation of the two-dimensional analysis dif cult (e.g. Hoinka and Clark 1991) . For example, the aircraft may have encountered horizontally propagating gravity waves that were forced by the topographic peaks located near but not along the ight track. It is noteworthy that the potential-temperature signatures of the gravity waves are not particularly well correlated in the vertical, which underscores the time-dependent nature of the ow in this case and three dimensionality of the underlying terrain. Additionally, some of the lack of vertical correlation in the isentropic analysis may result from the time lag between ight segments at the various altitudes (see Fig. 8 ).
Flight-level vertical-velocity measurements from the Falcon for six different altitudes, valid between 1335-1637 UT C, are shown in Fig. 4 . The largest-amplitude waves, with a maximum vertical velocity of 5.5 m s ¡1 , are located over the slopes south of the Inn Valley along segment B-C and positioned vertically at 7.4 km. Vertical velocities are greater than 4 m s ¡1 in the lee of the crest to the north of Innsbruck along the segment F-E near 3 km. The mountain-wave amplitudes are signi cantly reduced at the higheraltitude legs. The regions above the southern portion of the Inn Valley and in the lee north of the Alpine crest contain the most signi cant temperature perturbations (not displayed). The vertical velocity and temperature perturbations are generally not vertically coherent, in agreement with the isentropic analyses (Fig. 3) . The potential-temperature analysis (Fig. 3) and vertical-velocity observations (Fig. 4) suggest the presence of both trapped and vertically propagating waves rather than only stationary trapped lee waves, which would exhibit a more coherent vertical and temporal structure (e.g. Shutts and Broad 1993; Broad 1996) . Further details concerning the 10 October 1987 föhn case, as well as analyses and simulations using the tools available a decade ago, are contained in Hoinka (1990) .
(b) Model simulation The model simulations of the 10 October 1987 föhn event suggest that the strong southerly ow in the lower troposphere that was forced over the three-dimensional orography of the central Alps, resulted in generation of a complex pattern of gravity waves. The simulated vertical velocity for 1100 UT C and 1400 U TC at 7400 m for the inner-grid mesh (1x D 0:56 km), shown in Fig. 5 , illustrates the complex gravity-wave response. The observed maximum gravity-wave amplitude is located at this level (Fig. 4) for the afternoon ight. The simulation at 1100 U TC (Fig. 5(a) ), corresponding to the morning ight, indicates larger-amplitude waves and more of a tendency for lee waves to extend further downstream than is apparent in the simulation at 1400 U TC (Fig. 5(b) ). These characteristics are also evident in the analyses of the aircraft potential-temperature measurements (Fig. 3) . The simulated maximum vertical velocity for the 1100 U TC time is 7.3 m s ¡1 and is located in the lee of the highest topography in the central Alps, approximately 11 km to the east of the ight segment. The simulation at 1400 U TC indicates that a vertical velocity maximum of 5.5 m s ¡1 is located approximately 5 km to the west of the ight track near point B and is of similar magnitude to that of the observed maximum of 5-6 m s ¡1 measured at 7400 m at approximately 1445 U TC 10 October (Fig. 4) . For both of the simulation times, the vertical velocity maximum is located to the north of the Inn Valley immediately downstream of the Alpine crest, similar to that observed. Noteworthy is the signi cant temporal variation in the vertical velocity pattern between morning and afternoon, which is also evident in the simulation at other heights. Resonant waves in the vertical velocity eld are more apparent in the simulation at 1100 UT C than 1400 U TC, although a number of banded structures are evident at both times, in general agreement with the visible satellite imagery. A vertical cross-section of simulated potential temperature and vertical velocity, along the ight path within the innermost domain (Fig. 2) , is shown in Fig. 6 for 1400 U TC. At this time, the gravity waves appear to be vertically propagating and exhibit a characteristic upstream phase tilt (Smith 1979) . The static stability upwind of the highest peaks and Brenner Pass is stronger in the lowest 5 km compared with the mid-troposphere, which is conducive for strong wave generation. The largest simulated vertical velocities are positioned above the slopes of the Inn Valley, co-located with low-level wave breaking as indicated by the local static stability minimum immediately upstream of point B associated with the steepening of isentropes.
The gravity waves on 10 October were quite transient, as suggested by the time series from 0900-1700 UT C of simulated vertical velocity at 7400 m constructed along the ight path (Fig. 2) , shown in Fig. 7 . The greatest-amplitude waves occur downstream of the Alpine crest and of point B. The wave amplitude at 7400 m is the largest before 1300 UTC. Additionally, the gravity waves appear to be more coherent with time before 1500 UT C, with the largest-amplitude waves exhibiting a tendency for weak upstream propagation.
In spite of the general qualitative agreement between the model-simulation results and aircraft observations, the predictive capability appears to be limited in this case with regard to the quantitative depiction of the mountain waves. Simulated and measured vertical velocity are shown in Fig. 8 for the 5800, 7400, and 10 800 m levels for the morning and afternoon ights. The model captures the approximate wavelength and amplitude of the waves as well as the general location along the ight track where the largest-amplitude waves were observed. Also, the model captures the general tendency for smalleramplitude waves at the higher altitude (10 800 m) in comparison with the mid-tropospheric altitudes. However, clearly the model does not capture accurately the individual wave crests observed by the Falcon. Figure 6 . Model-simulated cross-section of vertical velocity and potential temperature for 1400 UTC 10 October 1987. The upward vertical velocity contours greater than 1 m s ¡1 are shaded using the grey scale. The vertical velocity contour interval is 1 m s ¡1 with dashed contours indicating descent. The isentropes correspond to the thick contours and are shown every 2.5 K. The section is located along the approximate ight track in Fig. 5 (south at the left side). Figure 7 . Time series of simulated vertical velocity for 0900-1700 UTC 10 October 1987 constructed along the ight path for the inner domain ( Fig. 5 ; south at the left side) at 7400 m. The upward vertical velocity contours greater than 0.5 m s ¡1 are shaded using the grey scale. The vertical velocity contour interval is 0.5 m s ¡1 with dashed contours indicating descent.
CONCLUSIONS
In this study, gravity-wave generation and propagation that occurred during a south föhn event on 10 October 1987 was examined. This gravity-wave event was selected as one of the pre-MAP test cases because of the expected occurrence of south föhn events during the MAP and the in situ measurements available to evaluate the model simulations. The model simulations from the COAMPS ne mesh (1x D 0:56 km) compared favourably with the aircraft observations in terms of identifying the south edge of the Inn Valley as the location of maximum gravity-wave excitation. Additionally, the model successfully reproduced the rapid decay of wave amplitude between 9-11 km as observed by the aircraft. However, the speci c locations of the model simulated vertical velocity and temperature perturbations do not agree particularly well with the aircraft observations. These experiments along with previously documented numerical simulations performed in preparation for the MAP (e.g. Doyle et al. 2000) have established the current capability of sophisticated non-hydrostatic modelling systems for the prediction of mountain wave generation, ampli cation and breakdown over complex topography. The results from this particular case illustrate the dif culties of simulating gravity waves in three dimensions over complex topography even with the application of a high-resolution model, in particular for situations such as considered here that feature both vertically propagating and trapped lee waves in the presence of a temporally varying mean state. The predictability of the complex gravity-wave response in this case appears to be limited relative to situations dominated by stationary trapped lee waves such as those described by Shutts and Broad (1993) and Broad (1996) . The predictability in this case is also likely to be restricted by initial and lateral boundarycondition errors that can impact the time-dependent evolution of the stability and winds and ultimately the gravity-wave response. This investigation serves to underscore the importance of repeated research ight legs oriented along the ow over the highest topography to observe non-steady gravity waves adequately, a strategy that was successfully adopted during the MAP (see, for example, Smith et al. 2002) . Also, the gravity-wave characteristics observed and simulated in this case highlight the need for dropsondes and remote sensing, such as down-looking lidar onboard the research aircraft, in order to produce a meaningful depiction of the environment and gravity-wave response. Investigations of several MAP cases illustrate the importance of dropsondes to document the upstream vertical structure of the static stability and winds, as well as the upstream and downstream mountain boundary-layer characteristics Doyle and Smith 2002) . Additionally, these studies demonstrate that remote sensing from lidars and rapid-scan satellite imagery can provide valuable depictions of the steadiness of the ow and vertical distribution of the gravitywave properties. Clearly this pre-MAP investigation would have greatly bene ted from these observing systems. Further investigations of the dynamics and predictability of gravity waves observed during the MAP is the topic of a continuing international collaborative research effort. Preliminary results from these ongoing studies of MAP gravity-wave events reveal that the gap between observations and numerical simulation is indeed diminishing.
